We have studied the electronic, magnetic and linear phonon dispersion behavior of Phosphorene monolayer using rst principle based ab initio method. Phosphorene monolayer is a semiconducting system with a dimensional dependent variable range of band gap. Vacancy has been done to study the geometry and physical behavior of the monolayer system. Pristine, vacancy induced monolayer and vacancy induced doped monolayer are included in the calculation. Dopant concentration has been well checked via optimization algorithm to maintain the dilute magnetic semiconducting behavior of the monolayer system. Density of states and partial density of state indicates the contribution of individual orbitals in the system. Band closing nature in observed in vacancy and doped vacancy states indicating closed dense states and metallic behavior of the perturbed phases. Both antiferromagnetic and ferromagnetic ordering is included in our calculation to get a charm of both ordering in the physical properties of the system. Landau energy level distribution is mapped via Fermi surface with linear dispersion relation in terms of phonon vibrational density of states and linear dispersion relations. The results of linear phonon density of states corroborating with electronic density of states.
I. INTRODUCTION
Two dimensional (2D) atomic crystals are stable materials carrying many different interesting properties unlike their 3D counterparts with potential applications [1, 2] . Electronic properties in 2D materials vary from semiconducting to metallic depending on the composition and thickness. Among the 2D materials, Phosphorene, the most stable allotrope, is a single or few layer of black phosphorus with a stacked puckered structure where individual layers held together by van der Waals forces. Structural anisotropy is supported via orthogonal unit cell with armchair and zigzag configurations along the x and y direction, respectively [3] . As a result, it possess a unique structural characteristics along the armchair direction and a bilayer configuration along the zigzag direction. This unique structural arrangement is the key factor of the novel anisotropic physical (i.e. electronic structure, magnetic moment development, phonon dispersion, etc.) properties of phosphorene monolayer. Vacancy and doping in pristine monolayer help in modulating the physical phenomena of the pristine sheet. As a result, the overall electronic, magnetic and mapping of Landau energy levels in terms of Fermi energy are modulated for enhanced characteristics.
Diluted magnetic semiconductors (DMS) are compounds with semiconducting nature where magnetic atoms are used to replace their constituent atoms [4] . It is our current interest to gain moment at room temperature in a few classes of layered DMS materials. Still, * Corresponding Author: pdeb@tezu.ernet.in induced magnetism in 2D semiconducting materials has remained an interesting and unexplored field of current research.
Recently, first-principles based theoretical calculations are followed to understand the magnetic phenomena and phonon dispersion frequency of layered DMS materials. Moreover, low symmetry and high anisotropy of phosphorous atoms show interesting platform to study magnetic behavior and their phonon frequency in a form of puckered honeycomb lattice in phosphorene monolayer. These reports stimulate lots of research efforts in evaluating the magnetic moment development and phonon dispersion relation in monolayer phosphorene via doping or vacancy for potential application purposes. In this present work, we use density functional theory combined with PHONON codes to calculate electronic, magnetic and phonon dispersion properties. Moreover, we study the electronic structure, magnetic behavior and phonon dispersion in phosphorene monolayer with vacancy and doping iron atom.
II. METHODOLOGY
The density functional theory calculations were done by plane-wave based Quantum Espresso (QE) code with PAW potential and PBE-GGA exchange correlations [5] . We maintain 20Å of vacuum to minimize closest atomic interactions in the monolayer in supercell form. We use 48 eV as cutoff energy for geometry optimization and 9 × 9 × 1 grid for sampling the Brillouin zone with Monkhorst-Pack scheme in a 3 × 3 × 1 supercell. For the projection of the density of states (PDOS), we use a 27 × 27 × 1 grid for Brillouin-zone integrations. The band structure is plotted along the high symmetric points of Γ, M, K and Γ in reciprocal space. Then, we could get the phonon dispersion the systems using the PHONON package integrated in the Quantum Espresso package. We take five systems during our simulation, such as pristine phosphorene monolayer (Pristine), monovacancy in monolayer (MV), divacancy in monolayer (DV), iron doped in MV named as doped monovacancy in monolayer (DMV) and iron doped in DV named as doped divacancy in monolayer (DDV). The five systems are simulated under three different magnetic orientations, e.g. nonmagnetic (NM), antiferromagnetic (AFM) and ferromagnetic (FM) ordering.
III. RESULTS AND DISCUSSIONS
The geometry optimized structures of the phosphorene monolayer (shown in Figure 1 ) are obtained using geometry optimization with the quasi-Newtonian BFGS algorithm. The mapping of Landau energy level is found for lowest iteration steps to gain stability of the surface atomic configuration. The constituent atoms are mobile during calculation to fix the minimum energy based stable configurations. phase is found from the bandgap closing behaviour (Figure 3 ) of the systems apart from pristine one.
The defect states develops finite nonzero magnetic moments due to imbalanced surface spins in the pristine monolayer. Doped Fe atom enhances the moment value showing suitability towards room temperature dilute ferromagnetic semiconductor. The phonon frequency gap (94 cm −1 for pristine, 90 cm −1 for MV and 66.7 cm −1 for DV) goes on decreasing as we go on creating vacancy in the pristine phosphorene to obtain rst monovacancy and then divacancy.
IV. CONCLUSIONS
In summary, we sum up the results of electronic and magnetic properties of the systems under various magnetic ordering. Overlapping projection states of the atomic orbitals near Fermi level proves the evidence of metallic nature in the monolayer systems. Moreover, the bandgap closing behavior of the vacancy induced and doped systems compared to pristine system indicates the phase transformation from semiconducting to metallic phase which is suitable for magnetic property study. Phonon frequency gap and lattice dynamics in terms of Landau energy mapping can be successfully tuned by creating defects in the system in the form of vacancy and doping. Thus phosphorene has a bright future as a room temperature DMS layered material and Phononic crystal in radio-frequency communications and ultrasound imaging for medicine and nondestructive testing.
